Abstract-In multi-service wireless networks, asymmetric bandwidth allocation has been proposed to satisfy the requirements of asymmetric traffic load introduced by some data applications. However, it is difficult to promptly adjust bandwidth allocation on uplink and downlink according to the dynamics of traffic load. Inappropriate call admission control (CAC) polices in this environment may admit superfluous real-time (RT) calls or non-real-time (NRT) calls and thus lead to low bandwidth utilization. In this paper, we propose and evaluate two new CAC schemes to address the problems caused by the mismatch of bandwidth allocation and traffic changing in multi-service wireless networks with bandwidth asymmetry between uplink and downlink. By determining the admissible regions for the RT calls and the NRT calls, the proposed schemes prevent the calls of a specific class from overusing the bandwidth resources. The design goal is to improve the bandwidth utilization while retaining the blocking probabilities of the handoff RT calls and the handoff NRT calls at a reasonable low level. Mathematical analysis and simulation experiments are employed to study and compare the performance of the proposed schemes and the existing schemes. The numerical results show that the proposed schemes can achieve better performance in terms of call blocking probability and bandwidth utilization compared to some existing schemes, even those performing well in bandwidth asymmetry wireless networks.
I. INTRODUCTION
One of the distinctive characteristics of future wireless/mobile networks is that multi-services such as voice, data, video, and multimedia should be provided over wireless infrastructures [1] [2] . To support various integrated services with certain Quality of Service (QoS) requirement, resource management and provisioning is one of the major issues. Call Admission Control (CAC), which is used to limit the number of calls in the network to control the network congestion and call dropping, plays a key role in QoS provisioning architecture.
Unlike the traditional voice communication, the demand for bandwidth resources on uplink and downlink could be asymmetric for many multi-service applications. For example, Internet access, which is the basic service supported by the next generation mobile networks, exhibits evident asymmetric bandwidth demands on uplink and downlink. In some clientserver applications, the traffic on uplink is usually much lighter * Please direct all correspondence to this author.
than that on downlink where data, voice or even video traffic can be carried. With the rapid growth of data traffic, future wireless networks are expected to present distinctive traffic asymmetry between uplink and downlink [1] .
In multi-service wireless networks with asymmetric traffic load, if we allocate equal bandwidth on both uplink and downlink, the system capacity could be limited by downlink [3] . This results in bandwidth waste and resource utilization degradation. The resource utilization can be improved by allocating different bandwidth on uplink and downlink [4] . It is proved that the system with asymmetric bandwidth allocation will outperform the symmetric bandwidth allocation in this environment. One example of the systems that support asymmetric bandwidth allocation is CDMA/TDD system or the TD-CDMA system and the industry standard of such system is WCDMA-TDD mode. One of the most significant benefits of TDD (Time Division Duplex) is that TDD supports variable asymmetry, which means an operator can dictate how much capacity is allocated to downlink versus uplink. Some resource allocation strategies have been proposed [3] [5] . However, such strategies cannot be implemented readily since they need to rearrange all the ongoing calls in a cell [3] . Since the traffic pattern in the system keeps changing in a relatively small time scale, it is difficult to promptly adjust the bandwidth allocation on uplink and downlink accordingly. Two new problems may arise under such circumstance: (1) if too many bandwidth-symmetric calls are accepted, more downlink bandwidth resources might be wasted; (2) if too many bandwidth-asymmetric calls are accepted, some uplink bandwidth might be wasted. Both problems may result in a low bandwidth utilization. Therefore, an appropriate CAC policy is essential for such wireless networks to maximize the bandwidth utilization.
Due to the handoff caused by user's mobility in addition to the bandwidth asymmetry between uplink and downlink, the CAC becomes much more complicated in multi-service wireless networks. In this paper, we address the CAC policy in such wireless networks. We first identify and analyze the main problems that may cause the low bandwidth utilization in such multi-service wireless networks and then propose two new CAC schemes to address the problems. Our design objective is to control the admission for the RT calls and the NRT calls to match the bandwidth asymmetry and thus to maximize the network resource utilization. In the proposed scheme 1, the bandwidth that can be used by the RT calls and the NRT calls is determined by setting the admissible region for the NRT calls. This admissible region is also used as the threshold for both the handoff and the new NRT calls. When the total bandwidth used by the NRT calls reaches the threshold, both the handoff NRT calls and the new NRT calls will be blocked. Since the handoff NRT calls have higher priority than the new NRT calls, in the proposed scheme 2, we modify scheme 1 and set threshold for the new NRT calls only. When the bandwidth used by the NRT calls reaches the threshold, only the new NRT calls will be blocked. From the numerical results, we find that both scheme 1 and scheme 2 can achieve good bandwidth utilization in such environment. However, the proposed scheme 2 can achieve much lower blocking probability of the handoff NRT calls than that of scheme 1 by making a tradeoff between the handoff NRT calls and the new NRT calls. Compared with some existing CAC schemes, scheme 2 exhibits its better performance in terms of bandwidth utilization and call blocking probability in multi-service wireless networks. Moreover, the proposed schemes have a lower implementation complexity compared to some existing schemes which also implement asymmetric bandwidth allocation, such as Jeon's scheme [6] .
The rest of this paper is organized as follows. We briefly review the related work in the next section. In Section III, we identify and analyze the problems caused by bandwidth asymmetry in multi-service wireless networks and elaborate on the proposed CAC schemes. In Section IV, we present the performance analysis of the proposed schemes by using the Markovian model. In Section V, we present the numerical results with discussions and compare the performance of the proposed schemes with that of some existing schemes. Finally, we conclude the paper in Section VI.
II. RELATED WORK
Call admission control for wireless networks has been extensively studied in the past several years. Various handoff priority-based CAC schemes have been proposed for voice communication systems [7] [8] [9] . Among these schemes, guard channel (GC) scheme [8] is a representative one. The basic idea of this scheme is to reserve a certain amount of resources in each cell for handoff requests. In order to provide mobile users with continuous connectivity, the system reserves backup channels referred to as "guard channels" to provide preferential treatment to the handoff calls. In such a system, the call requests with low priorities are rejected if the available resources are less than a specific threshold. In traditional mobile networks, only voice service is provided. In such mono-service networks, the main objective of the CAC scheme is to reduce the blocking probability of handoff voice calls since they have the highest priority.
Since multiple services have different QoS requirements in terms of transmission rate, delay, lose rate etc., the traditional GC scheme is inappropriate in such multi-service environment. A hybrid cutoff priority scheme is proposed in [10] . This scheme sets different cutoff thresholds for each type of traffic. It is general in the sense and can support arbitrary number of traffic classes. The authors also employed Petri Net model to evaluate the performances of the proposed scheme elaborately. However, it has two limitations. First, the thresholds used in the scheme is fixed, which means that the threshold cannot always be optimal when the traffic changes. Second, this scheme does not consider the traffic load asymmetry and bandwidth asymmetry in multi-service mobile networks. A multi-class CAC scheme based on adaptive bandwidth reservation has been proposed by Oliveira et al. in [11] . This scheme allocates bandwidth to a connection in the cell where the connection request originates and reserves bandwidth in all neighboring cells. The amount of bandwidth to be reserves is dynamically adjusted according to the call blocking probability and the usage of the reserved bandwidth. This scheme tries to decrease the handoff call blocking probability by reserving bandwidth in all the neighboring cells. However, the overall bandwidth utilization is not satisfactory, as some of the reserved bandwidth could be wasted.
Recently, much research work has been done on the call level admission control and resource management in the multiservice mobile networks [12] [13] [14] [15] [16] . One of the key issues that these papers address is how to allocate bandwidth resources to different call classes according to the dynamic traffic load and thus improve the total bandwidth utilization and guarantee the QoS requirements of specific call classes. In [16] , the author proposed a scheme called dual threshold bandwidth reservation scheme (DTBR) as shown in Fig. 1 . In the DTBR scheme, the total cell are divided into three regions by two thresholds K 1 and K 2 (K 1 > K 2 ). When the number of channels occupied is less than the threshold K 2 , no data calls can be accepted; when the number of channels occupied is more than the threshold K 1 , only handoff voice calls can be allowed. The handoff voice call will be dropped if there is no channel available. In this paper, the authors apply the DTBR scheme for the elastic data service, which means the required bandwidth of the data calls is not fixed and it can take bandwidth from a range of values [B min , B max ]. From the performance analysis and the simulation results, the author prove that the DTBR scheme can achieve lower overall call blocking probability and improve the channel efficiency compared with dynamic partition (DP) scheme, which is extended from the movable boundary scheme proposed in [17] . However, as the authors mentioned in the conclusion, how to find the optimal thresholds is a complicated optimization problem and it is very desirable to find a dynamic scheme to adjust the thresholds of DTBR to handle the multi-service systems.
Although many CAC schemes are proposed for the multiservice mobile networks, none of above mentioned considers the asymmetry traffic load brought by multi-class services, which is one of the most notable characteristics in future wireless/mobile networks [1] . In order to achieve good performance in such a system with asymmetric traffic load, Jeon et al. proposed a multi-guard-channel scheme [6] . In Jeon's scheme, the size of guard channel for each traffic class on uplink and downlink is determined separately. The reserved
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h a n n e l n u m b e r : C Fig. 1 . the DTBR scheme bandwidth is proportional to the call arrival rate, the mean call duration and the required bandwidth of each call class. This scheme tries to obtain the optimal guard channel size for each call class by estimating the call arrival rate of each class. Jeon's scheme achieves good performance in terms of handoff failure probability and new call blocking probability. The authors also prove that the proposed scheme can achieve better bandwidth utilization in asymmetric bandwidth allocation environment than that in the symmetric environment. Since the scheme does not consider the limitation introduced by bandwidth asymmetry, it cannot avoid the low bandwidth utilization problem in bandwidth asymmetry networks. In this paper, we address the problems brought by asymmetric traffic load and asymmetric bandwidth allocation and show that the proposed schemes can solve the possible problems in such environment gracefully.
III. BANDWIDTH RESERVATION BASED CAC SCHEMES
A. Problem Formulation
We consider an integrated voice/data wireless system. The total bandwidth of each cell in the system is time-invariant 1 . The bandwidth allocation between uplink and downlink is asymmetric and downlink has higher capacity than uplink. We define the system asymmetry factor, denoted by Γ s , to represent the degree of the bandwidth asymmetry Γ s = total downlink bandwidth total uplink bandwidth .
We also assume that the bandwidth required by each class of calls is fixed. If a call is accepted, a certain amount of bandwidth will be allocated to the call on uplink and downlink according to the class of the call. We consider two types of calls: the RT calls and the NRT calls. The RT calls such as voice calls require the same bandwidth on uplink and downlink while the NRT calls such as web browsing require more downlink bandwidth. Both the RT calls and the NRT calls may have handoff attempts. Since it is more reluctant to block a handoff call than a new call, the handoff calls have higher priority than the new calls. Given 1 In practice, the capacity of one cell (the total resource in the cell) may vary with the traffic load of home and neighboring cells because of the interferences. Since we investigate about how the system asymmetry and traffic load asymmetry affect the system performances, in this paper, we assume that the total resources in a cell are time invariant for the ease of description of the proposed CAC scheme.
that the NRT calls can tolerate much longer delay than the RT calls, the RT calls should have higher priority than the NRT calls. Thus we arrange the priorities of different class calls in descending order as follows: the handoff RT calls, the handoff NRT calls, the new RT calls and the new NRT calls. We list the notations that will be used in this section in Table I . We consider the system under the steady state with heavy traffic load. If no bandwidth is wasted, the uplink bandwidth and the downlink bandwidth used by the RT calls and the NRT calls should satisfy:
Combining (3) and (2) yields
Note that
B u is just the system asymmetry factor denoted by Γ s which has been defined in (1). Now we define the asymmetry factor of the NRT calls as
Then (5) becomes
Since B u can be determined by the total system bandwidth and the system asymmetry factor Γ s , we can find from above equation that the bandwidth which can be used by the NRT calls is totally determined by Γ s and Γ N RT when the system utilization is maximized. Since the reassignment of bandwidth on uplink and downlink cannot be executed frequently [3] , Γ s can be regarded as statistically fixed.
We divide the NRT calls into different classes based on bandwidth requirements of applications. Let N be the set of the NRT call classes. (6) can be rewritten as
where a i is defined as
which is the ratio of class i NRT calls over all NRT calls. In a large time scale, a i can be regarded as statistically fixed and thus Γ N RT too. As Γ s and Γ N RT are statistically fixed, there exists unique B u N RT to achieve the maximum system utilization. We name this value B N RT . If we can guarantee that the uplink bandwidth used by the NRT calls statistically equals to B N RT , the system utilization can be maximized. However, it is difficult to ensure that since the traffic in the system may keep changing in a relatively small time scale. Thus two problems which may result in low bandwidth utilization arise. We use a simple example to illustrate these problems (Fig. 2) . Let downlink bandwidth be 1.5 times of uplink bandwidth (Γ s = 1.5). Assume there are two different call types, the RT calls and the NRT calls, in the system. The RT calls need same amount of bandwidth on both uplink and downlink while the NRT calls require more downlink bandwidth (Γ N RT = 5). Assume that the system is in the saturated situation and from (7) we know that the ratio of the uplink bandwidth used by the NRT calls over the total uplink bandwidth should be 12.5%. If the ratio is greater or smaller than 12.5%, a certain amount of bandwidth (uplink or downlink) could be wasted. In an extreme case, when the ratio of the uplink bandwidth used by the NRT calls over total uplink bandwidth is smaller than 5% (case 1), too many RT calls are accepted and the RT calls will overuse the uplink bandwidth. As a result, only a small amount of uplink bandwidth can be used by the NRT calls. Since downlink has higher capacity than uplink and the RT calls require the same amount of bandwidth on both uplink and downlink, the remaining uplink bandwidth is too little to support sufficient NRT calls to use all the remaining downlink bandwidth. As a result, more than 20% downlink bandwidth will be wasted. On the other hand, when the ratio is greater than 20% (case 2), too many NRT calls are accepted. They will use up the downlink bandwidth since the NRT calls require more downlink bandwidth than uplink. In this case, the arriving calls will be blocked due to insufficient downlink bandwidth although there is unused uplink bandwidth. As a result, more than 30% uplink bandwidth will be wasted. In these two cases, both the RT calls and the NRT calls cannot be accepted any more, although there is unused bandwidth on downlink or uplink in the system.
B. Proposed CAC Schemes
The mismatch of bandwidth allocation and traffic load in the multi-service wireless networks may result in a low bandwidth utilization. In order to improve the bandwidth utilization, the key of the proposed CAC schemes is to determine how much bandwidth can be used by the RT calls and the NRT calls respectively while taking into account the handoff calls. This can be achieved by setting the specific bandwidth regions for the RT calls and the NRT calls. In the proposed CAC schemes, we divide the uplink channels into three bandwidth regions. The first region is composed by a certain number of channels which are reserved as guard channels for the handoff RT calls because of their highest priority. The second bandwidth region is made up by the channels reserved for the NRT calls and we name these reserved channels NRT channels. In our scheme, we set the size of the NRT channels equal to B N RT , which can be obtained from (7) . Besides the guard channels and the NRT channels, the remaining uplink channels compose the third bandwidth region and we name these channels common channels, which are not reserved for any specific call classes. Thus there are three different classes of channels in the system: guard channels, NRT channels and common channels.
In this paper, we propose two new CAC schemes to address the issue of bandwidth asymmetry between uplink and downlink in multi-service wireless networks. Scheme 1 is a conservative scheme (Fig. 3) . The maximum bandwidth size that can be used by the NRT calls on uplink is equal to B N RT , which implies that when the NRT channels are used up, both the new and the handoff NRT calls will be blocked. When a call arrives, the system checks the downlink channels first. If there are no sufficient downlink channels, the call is blocked. Otherwise, the system examines the call class. For a handoff RT call, the system checks the common channels. If the remaining common channels are sufficient, the call is accepted. Otherwise, the system checks the handoff channels. If the sum of remaining common channels and the remaining handoff channels can satisfy the call's requirement, the call can also be accepted. If the above conditions cannot be satisfied, the call is blocked. If the arrival call is a new RT call, the system checks the common channels only. The new RT call cannot be accepted if there are no sufficient free common channels in the system. For an NRT call (handoff or new), it is accepted if there are sufficient free NRT channels. Otherwise, the call is blocked. Since the handoff NRT calls have higher priority than the new NRT calls and blocking handoff calls may waste the system resources unnecessarily, we propose scheme 2 (Fig. 4) for considering to decrease the blocking probability of the handoff NRT calls. In this scheme, the handoff NRT calls can use the common channels and the NRT channels while the new NRT calls are limited to use the NRT channels only. Without loss of generality, we assume that there are enough downlink channels. When an NRT call arrives, if there are sufficient NRT channels, the call (handoff or new) can be accepted. Otherwise, the new NRT call is blocked. For the handoff NRT call, the system checks the NRT channels and the common channels. If the sum of the remaining NRT channels and the remaining common channels can satisfy the call's requirement, the call is accepted. Otherwise, the call is blocked. The treatments to the RT calls in scheme 2 are identical to that in scheme 1. In the analysis model, the system state is defined by a row vector π as
where 
(12) We use B GC , B CC , B N RT to denote the capacity of the guard channels, the common channels and the NRT channels, respectively. Let R Table II and III .   TABLE II (
In such a system, any state transition is caused by one of the following events:
1) Arrival of a handoff RT call or a handoff NRT call, 2) Arrival of a new RT call or a new NRT call, 3) Termination of a call, 4) Handoff of a call. Then we can define two neighboring states of π, π i+ and π i− , as (16) where I c is a binary variable, which is equal to one if condition c is true or zero otherwise. Let us consider the state transition from π to π i− . This transition can be caused by two events: termination or handoff of a class i (i ∈ (M ∪N )) call. We use p t i (π) and p h i (π) to denote the state transition rates triggered by these two events. Then
Let P π denote the stationary probability of the state π. Then P π should satisfy the following flow balance equation:
Note P π should also satisfy the normalization equation:
Using the flow balance equation (19) and the normalization equation (20), we can obtain the stationary probability P π when the system state is π (π ∈ ψ). Actually, when state space is small, it is possible to calculate Pp by (19) and (20) as shown in our numerical example. When state space becomes large, it is difficult to calculate P π and obtain a close-form solution.
Since we focus on how bandwidth asymmetry affects system performances, we just show a possible method to obtain P π here and we will not discuss how to calculate P π further. So far, we have obtained the flow balance equation and thus the stationary probability P π , from which we can calculate the measures that we concern about in our schemes, which include the call blocking probability and the bandwidth utilization. Let P h i and P n i denote the blocking probability of the i th (i ∈ (M ∪ N )) class handoff calls and new calls, respectively. Let ξ i denote the subset of the feasible state space ψ when the i th (i ∈ (M ∪ N )) class handoff call cannot be accepted. Then
(21) The blocking probability of the i
Let η i be the subset of the state space ψ when the i th (i ∈ (M ∪ N )) class new call cannot be accepted. Then
Another important measure is the bandwidth utilization, which is the ratio of the used bandwidth over total system bandwidth. Let U up and U down denote the uplink and downlink bandwidth utilization, respectively. Then
So the total bandwidth utilization, U , is
We use an example to verify the above analysis model. We assume that there are two types of calls, the RT call and the NRT call, and the 80% of the new calls are the 
RT calls. There are total 100 channels in the system and 60 channels are allocated to downlink. An RT call requires one channel on both uplink and downlink while an NRT call requires 1 uplink channel and 5 downlink channels. The call arrival follows the Poison process and the call serving time follows the exponential distribution. The mean serving time of the RT calls and the NRT calls are 120 seconds and 900 seconds, respectively. We use the analysis model to evaluate the performance of scheme 1. The comparisons of the handoff RT call blocking probability, the new RT call blocking probability and the NRT call blocking probability obtained from the analysis model and the simulation results are shown in Fig. 5 . The results illustrate that the handoff RT call blocking probability is the lowest while the NRT call blocking probability is the highest. The NRT call blocking probability increases rapidly with the traffic load. In this extreme case, there are only 5 uplink channels can be used by the NRT calls. When the traffic load is heavy, it is obvious that most of the NRT calls will be blocked. The obtained results are as expected. Fig. 6 shows the bandwidth utilizations of uplink and downlink. Both the uplink and the dowlink bandwidth utilization increase rapidly with the traffic load. We can also find that the downlink bandwidth utilization is slightly higher than the uplink bandwidth utilization. As the downlink bandwidth is 1.5 times of the uplink bandwidth while the downlink bandwidth required by an NRT call is 5 times of uplink bandwidth, we can expect that downlink bandwidth utilization should be higher than uplink bandwidth utilization.
The numerical results also demonstrate that the simulation results match the results obtained from the above analytical model well.
In the following section, we will employ simulation experiments to compare the performance of the proposed CAC schemes with that of some existing CAC schemes.
V. PERFORMANCE EVALUATION AND DISCUSSIONS
A. Traffic Model
In our simulation experiments, we use the traffic model based on the IMT-2000 system [18] . Table IV lists the traffic parameters used in the simulation experiments. This set of parameters are also used in [6] . The proposed CAC schemes are designed for multi-service wireless networks with bandwidth asymmetry. We set the downlink bandwidth to be 2.7Mbps and uplink bandwidth to be 1.3Mbps, which are also used in [6] . We assume that there are two types of calls, the RT calls and the NRT calls, in the system. The RT calls require symmetric bandwidth on uplink and downlink while the NRT calls require more downlink bandwidth than uplink bandwidth as shown in Table IV .
According to the derivation in Section III, B N RT used in our scheme can be found equal to 44kbps. The arrival of the new calls and the handoff calls follows the Poisson process. Let q be the ratio of the new RT calls over all the new calls. Then (1 − q) of the incoming new calls are the NRT calls. We also assume that 40% of the RT calls in the system are the handoff RT calls while 10% of the NRT calls are the handoff NRT calls. Note that in the simulation the call acceptance decision is made according to the following rules: (1) for an RT call, it can be accepted only if its information rate can be satisfied since it has more stringent QoS requirement than the NRT calls; (2) for an NRT call, it can be accepted if its effective bandwidth can be matched. The effective bandwidth means the the minimum amount of bandwidth needed to provide a specific QoS given the traffic parameters of a call connection and it is the product of the call's information rate and the activity factor [6] . We first compare the performance of scheme 1 and scheme 2. Next we chose the one which has better performances in the simulation scenario , scheme 2, to compare with the scheme which does not set threshold for the NRT calls such as traditional GC scheme. Then, we compare the performance of scheme 2 with Jeon's scheme [6] which also implements the bandwidth asymmetry. Last, we will show the performance of the proposed scheme when the asymmetry factor of the NRT calls (Γ N RT ) changes.
B. Comparisons of Scheme 1 and Scheme 2
Fig . 7 shows the NRT call blocking probability of scheme 1 and scheme 2 when q is equal to 80%. From the figure, we can find that scheme 2 can achieve much lower handoff NRT call blocking probability as we expected since the handoff NRT calls are able to use the common channels. Although the new NRT call blocking probability of scheme 2 is slightly higher than that of scheme 1, it is reasonable to make such tradeoff between the low priority calls and the high priority calls. The simulation results show that the differences of the bandwidth utilization and the RT call blocking probability obtained from scheme 1 and scheme 2 are invisible. Thus we do not show them here. In this simulation scenario, we can find that scheme 2 outperforms scheme 1. However, scheme 2 may not always achieve better performance than scheme 1. For example, in some hot spot areas in a wireless network, the handoff NRT call arrival rate may be very high. In this environment, scheme 1 may outperform scheme 2 since it avoids the handoff NRT call to overuse the downlink bandwidth. Thus it is necessary to consider both scheme 1 and scheme 2 and use them in different scenarios. Fig. 7 . Comparisons of the NRT call blocking probability of scheme 1 and scheme 2
C. Comparisons of Scheme 2 and the DTBR scheme
In this part, we compare the proposed scheme 2 with the DTBR scheme [16] . How to determine the values of thresholds K 1 and K 2 is a difficult problem in the DTBR scheme. Since there is no detailed method to deduce these values in the paper, we have done extensive experiments by setting different threshold values. Then we choose a set of relative better results to compare with our scheme.
In Fig. 8 and Fig. 9 , we compare the uplink and downlink bandwidth utilizations and the total bandwidth utilization of the proposed scheme 2 and the DTBR scheme respectively when q is equal to 70%. From these figures we can find that the uplink and downlink bandwidth utilizations of the DTBR scheme change dramatically. When the call arrival rate is relatively low, the DTBR scheme admits too many NRT calls and the NRT calls use up the downlink bandwidth. As a result, certain amount of uplink bandwidth cannot be utilized and the RT call blocking probability may be high, as shown in Fig. 10 . With the increase of the call arrival rate, the DTBR scheme may accept too many RT calls. The superfluous RT calls will overuse the uplink bandwidth and thus certain amount of downlink bandwidth cannot be utilized and more NRT calls will be blocked, as shown in Fig. 11 . These results show that the proposed scheme can achieve good bandwidth utilization on uplink and downlink when the call arrival rate increases and the call blocking probability of the high priority calls is also controlled at a reasonable low level. In addition, from this simulation experiment we realize that the fixed threshold values for the DTBR scheme cannot achieve good performance in the asymmetric bandwidth allocation network. However, how to dynamically adjust the values of K 1 and K 2 may be a complicated process and it is not addressed in [16] . In our scheme, a certain number of channels are set as NRT channels, which can be calculated from equation 7 easily. Without specific dynamic adjusting strategy, our scheme can achieve good performance when the call arrival rate changes. 
D. Comparisons of Scheme 2 and Jeon's Scheme
From above results, we know that the bandwidth threshold for the NRT calls is very desirable in multi-service wireless networks. However, limiting only the number of the NRT calls in the system cannot guarantee the high bandwidth utilization when traffic changes. In Jeon's scheme [6] , the authors use multi-guard-channel to guarantee the high priority calls' blocking probability. By setting different guard channel for different class calls on uplink and downlink separately, the scheme prevents the low priority calls from overusing the resources. The authors demonstrate the good performance in terms of the bandwidth utilization and the call blocking probability of Jeon's scheme when q is equal to 85%. However, when we increase q to 95%, we find that Jeon's scheme suffers. Comparisons of uplink and downlink bandwidth utilization of scheme 2 and Jeon's scheme when q=95%. Fig. 12 shows the uplink and downlink bandwidth utilizations when q is equal to 95%. In this scenario, the ratio of the RT calls over all calls is high. From the figure, we can find that with the increase of the call arrival rate (i.e. the traffic load becomes heavy) the uplink bandwidth utilizations of both schemes increase fast and the increasing speeds are very close. However, the proposed scheme can achieve significantly higher downlink bandwidth utilization than Jeon's scheme. In this scenario, most incoming calls are the RT calls. If no bandwidth is reserved for the NRT calls, too many RT calls will be accepted and thus the RT calls will consume almost all the uplink bandwidth. As a result, the downlink bandwidth is not sufficient to accept enough NRT calls to use the remaining bandwidth and a certain amount of downlink bandwidth is wasted. Fig. 13 . Comparisons of RT call blocking probability of scheme 2 and Jeon's scheme when q=95%.
Fig. 14. Comparisons of NRT call blocking probability of scheme 2 and Jeon's scheme when q=95%. Fig. 13 and Fig. 14 show the RT call blocking probability and the NRT call blocking probability as functions of the traffic load in this case. From these two figures, we can find that both the proposed scheme and Jeon's scheme can guarantee the handoff RT call blocking probability under a certain threshold (1%). Although the new RT call blocking probability of the proposed scheme is slightly higher than that of Jeon's scheme, the handoff and the new NRT call blocking probabilities of the proposed scheme are significantly lower than that of Jeon's scheme. In this case, Jeon's scheme accepts too many RT calls and almost all the uplink bandwidth is used by the RT calls. Thus more NRT calls are blocked.
Next we examine the performance of the proposed scheme and Jeon's scheme under a set of scenarios with different q values (q varies from 75% to 95% with interval 5%). As it is more meaningful to judge the bandwidth utilization when the system under the heavy traffic load condition, we fix the new call arrival rate at 1.0. Fig. 15 and Fig. 16 show the bandwidth utilizations of scheme 2 and Jeon's scheme with different q values. we can find that the proposed scheme can obtain stable bandwidth utilization (close to 100%) when q changes while the bandwidth utilization of Jeon's scheme changes dramatically. Regarding the blocking probability, Fig. 17 shows the call blocking probability when q changes. From this figure we can find that the handoff RT call blocking probability and the handoff NRT call blocking probability of the proposed scheme can be kept at a reasonable low level. When the ratio of the RT calls over all calls is low (q < 85%), the bandwidth threshold limits the bandwidth which can be used by the new NRT calls. As the traffic is heavy in this scenario and the system is close to saturation, in order to obtain high bandwidth utilization and guarantee low blocking probability of high priority calls, blocking superfluous new NRT calls is reasonable. When q increases, the new RT call blocking probability increases accordingly. By properly rejecting a certain number of the new RT calls, the proposed scheme can guarantee the handoff NRT call blocking probability and improves the bandwidth utilization. In the above simulation experiments, we assume only one class of NRT calls in the system and the minimum bandwidth required by an NRT call is fixed. Thus the asymmetry factor of the NRT calls, Γ N RT , is also fixed. Actually, there may be more than one class of NRT calls in the system and different call classes may have various bandwidth requirements. Thus Γ N RT may change with the arrival rates of different classes of NRT calls. Here we use simulation to evaluate the performance of the proposed scheme when Γ N RT varies. In the experiment, the parameters are identical to those used in the above simulation experiments except that we assume two classes of NRT calls (class 1 and class 2) and they have same activity factors with different bandwidth requirements. We also assume that the arrivals of these two classes of NRT calls follow the Poisson distribution with rates λ 1 and λ 2 respectively. From equation 9 , we know that we should obtain a i for calculating Γ N RT . In a statistical point of view, a i can be rewritten as . The value of Γ N RT can be decided if the call arrival rate can be estimated. Since how to scale the call arrival rate is beyond the scope of this paper, we will not discuss it further. We just assume that the average call arrival rate can be scaled. The parameters of the class 1 and the class 2 NRT calls are listed in Table V . In the simulation, we set q = 0.7, which means that 70% of the arrival calls are the RT calls. Fig. 18 (a) and (b) show the uplink and downlink bandwidth utilization for different Γ N RT values. From these figures we can see that the proposed scheme can achieve satisfactory bandwidth utilization on both uplink and downlink when traffic load increases. It avoids the possible problems of low bandwidth utilization even when Γ N RT has different values. Fig. 19 (a) to (f) show the call blocking probabilities of different classes of calls (handoff RT calls, handoff class 1 NRT calls, handoff class 2 NRT calls, new RT calls, new class 1 NRT calls and new class 2 NRT calls) with different Γ N RT values. From these figures we can find that the blocking probabilities for the handoff calls are controlled at a low level and the blocking probability for the new RT calls is also retained at a reasonable low level for different Γ N RT values. 
VI. CONCLUSIONS
In this paper, we have identified and analyzed the problems that may result in a low bandwidth utilization in bandwidth asymmetry wireless networks and presented two schemes to address such problems. By setting the admissible bandwidth regions for the RT calls and the NRT calls, the proposed schemes determine the bandwidth that can be used by the RT calls and the NRT calls and thus prevent the calls of specific classes overusing the bandwidth resources. The problems caused by the mismatch of the bandwidth allocation and traffic changing are resolved gracefully and the bandwidth utilization is improved. In the proposed scheme 1, the admissible bandwidth region for the NRT calls is also the threshold for both the handoff and the new NRT calls. In scheme 2, we set the threshold for the new NRT calls only since the handoff NRT calls have higher priority than the new NRT calls. The simulation results demonstrate that both the proposed schemes can avoid the low bandwidth utilization problems in the bandwidth asymmetry environment while scheme 2 can guarantee the blocking probability of the handoff NRT calls at a low level without deteriorating the blocking probability of the RT calls. Compared with some existing CAC schemes such as traditional GC scheme and Jeon's scheme, scheme 2 can achieve a high bandwidth utilization when traffic changes in bandwidth asymmetry networks. At the same time, it guarantees the blocking probability of the high priority calls (the handoff RT calls and the handoff NRT calls) at a reasonable low level. A feature of our schemes is that the size of the bandwidth regions for the RT calls and the NRT calls is time-invariant. Such fixed size may not be optimal under some traffic conditions. It would be an interesting topic to design an algorithm to adjust the bandwidth regions according to the actual traffic patterns and thus improve the system performances under different traffic load environment.
